Although our knowledge on the various aspects of diabetes development in the NOD mouse model is substantial and keeps expanding at a dramatic pace, the dataset on histopathologic features of type 1 diabetes (T1D) in patients remains largely stagnant. Early work has established an array of common aspects that have become epitomic in the absence of new patient material. There is a growing consensus that an updated and more detailed view is required that challenges and expands our understanding. Comprehensive initiatives are currently ongoing to address these issues in prediabetic, recent onset and longstanding type 1 diabetic individuals, and some of the old data have been recently revisited. In this review article, we wish to provide an overview of where we stand today and how we can correlate the various cross-sectional studies from the past with contemporary models of the disease. We believe an enhanced understanding of the many histopathological particularities in patients as compared to animal models will ultimately lead, not only to more fundamental insights, but also to an improved ability to translate pre-clinical data from bench to bedside.
Introduction
ntil the mid 1960's, diabetes was recognized by physicians as a single disorder, only roughly characterized by either juvenile or adult onset. Willy Gepts, a Belgian clinician and investigator, was the first to describe infiltration of lymphocytes in pancreatic islets of children who had died within a few days of developing diabetes [1] . This landmark finding, in conjunction with the identification of autoantibodies and HLA association, initiated the immunological study of T1D as a distinct autoimmune entity, characterized by its hallmark association with insulitis [2] [3] [4] [5] .
Almost half a century later, most of our knowledge on the immunopathology of the condition has been obtained from studies in animal models, while only a limited number of reports have documented the histopathology in patients. Detailed histological study of the disease is of course hampered by the inherent inaccessibility of the target organ, and as a consequence most of what we know is derived from retrospective collections of formalin-fixed, paraffin embedded autopsy pancreases [6] . In recent years, (immuno-) histological techniques have improved dramatically. Taking into account our enhanced understanding of the possible etiological factors and the growing appreciation of the diversity in terms of its course, several leading investigators have expressed a renewed interest in targeted histological research on human pancreas tissue [7] . One of the most promising initiatives is the recent establishment of the Network for Pancreatic Organ Donors with Diabetes (nPOD), a collaborative effort sponsored by the
Insulitis is a hallmark. Or isn't it?
The original study by Gepts reported an insulitis frequency of 68% in recent-onset cases, of which only a limited number showed marked intra-islet inflammation, while no such events were observed in patients with a longer clinical duration [1] . It took about 2 decades until Alan Foulis and coworkers confirmed these findings and demonstrated the remarkable variability of the inflammatory process on a per-islet basis [9] . Whereas pancreatic autopsy in recent-onset diabetic children showed evidence of insulitis in most of the children, only 18% of insulin-containing islets were inflamed, as compared to 1% of insulindeficient islets. In view of this, β-cells were likely to be subject to a highly localized and specific autoimmune response, further fueling the differentiation of T1D as an autoimmune condition. Bottazzo and coworkers, in their 1985 case report, detailed the features of the inflammatory infiltrate in the pancreas of a recently diagnosed 12-year old child [10] . The majority of infiltrating cells were cytotoxic lymphocytes, an observation that would prove to be a characteristic feature in most recentonset cases.
The collection of samples first described by is still by far the largest collection of samples available worldwide and contains autopsy specimens obtained from various hospitals within the U.K. over a 25-year period between 1960 and 1985 [11] . Their initial paper documented a 78% insulitis occurrence within 60 recent-onset cases, affecting 23% of insulinpositive islets versus 1% of insulin-deficient ones. These authors later estimated the average number of lymphocytes associated with an inflamed islet in recent-onset patients to be about 85 [12] . Surprisingly, when Hanafusa et al. looked at pancreas biopsies 2-4 months after diagnosis in 7 patients, no signs of insulitis were detected [13] . In a subsequent study by the same group, pancreas biopsy specimens from 18 newly diagnosed patients were analyzed and insulitis was found in 8 of them [14] . The degree of infiltration, however, was very limited ranging from 2 to 62 mononuclear cells in 3-33% of the examined islets in these patients. Consistent with most other studies the infiltrate was found to be predominantly composed of CD8 T lymphocytes [15, 16] .
The practice of collecting pancreatic biopsies is still widely considered as too hazardous a procedure for mere research purposes, which is the reason why this approach has never gained wider application. From a researcher's perspective, matters have gradually become more complicated by the near nonexistence of new sample sources, a fact that can be contributed to major advances in disease management [17] . Consequently, researchers have had to rely on reanalysis of old specimens using modern immunohistochemical techniques, such as in a recent study by Willcox et al., which employs the collection first described by Foulis [18] . The authors provided a more refined image of the insulitic islet's cellular constitution, pinpointing CD8 T cells once again as the predominant lymphocyte subset. Most interestingly, the authors painstakingly stratified the islets according to their percentage insulin-positivity, and correlated the presence of various immune subsets over the spectrum of β-cell destruction. It was revealed that CD8 T cell infiltrates peak according to the degree of β-cell decay, and rapidly disappear when all functional β-cells are destroyed. B cells, which have been until recently grossly ignored in most histopathological datasets, largely follow the same pattern. In contrast, macrophage numbers remain constantly moderate from the moment of infiltration. Likewise, Uno et al. found that macrophages and dendritic cells infiltrate the pancreatic islets at constant rates and produce inflammatory cytokines (TNF-α and IL-1β), irrespective of insulin content or T cell infiltration [19] . Finally, regulatory T (Treg) cells were detected in the islets of only a single patient, suggesting that their default 'territory' may be confined to the pancreatic lymph nodes or spleen or, alternatively, that their aberrant local absence gives free way to insulitis [18] .
It is generally accepted that cross-sectional studies around the time of diagnosis represent a picture of the final stages of disease. However, we are in great need of information on the events preceding the clinical phase. This would entail the systematic screening of healthy human organ donors for serum markers or genetic predisposition, followed by sampling of pancreatic tissue from those at risk, an approach that is currently adopted by the nPOD project. Pertaining to this strategy, a Japanese study, examining patients shortly after diagnosis, revealed a close correlation between insulitis and the presence of either anti-GAD or anti-IA-2 antibodies in the serum [20] . Pipeleers and coworkers aimed to exploit the predictive value of serum autoantibodies in an effort to catch diabetes development in its early stages [21] . They screened serum from 1,507 organ donors for ICA, anti-GAD, anti-IA-2, and antiinsulin autoantibodies and collected pancreas tissue from 62 donors that tested positive for at least one antibody. The anticipated outcome was that these pre-diabetic individuals display all the prototypic pathological components acting at full force, as the presence of insulitis around onset is widely considered only a remnant of the entire process. Surprisingly, insulitis was detected in only 2 cases at remarkably low levels in less than 10% of the islets, with the typical predominance of CD8 T cells and presence of macrophages. Although the data on some of the 'at-risk' individuals included in the study may be affected by a 'notso-at-risk' combination of age and HLA-DQ genotype, the results illustrate that insulitis may be a rare phenomenon in at least a subset of autoantibody-positive, non-diabetic individuals.
Collectively, the histological data describing insulitis portray the autoimmune aspect of the disease as a chronic process with a substantially variable course. In this regard, the notoriously lobule-dependent distribution of pathological events throughout the organ makes multiregional sampling mandatory as this may account for a certain portion of the reported variability [22] . Indeed, we know by now that the amount of insulitis not only differs between patients and their respective disease stages, but also on a per-islet basis, supporting the need for a thoughtful sampling design. Certain recurrent parameters such as the predominance of CD8 T cells may serve as a benchmark for future studies. The peri-islet frequency of other potentially important players such as B cells and macrophages should be studied in more detail and correlated with insulin deficiency. Finally, our knowledge on the precise reactivity of the insulitic T cells is still minimal. Velthuis and colleagues recently characterized infiltrating lymphocytes from a pancreatic graft in a recipient with T1D and found that the graft tissue was populated with islet-reactive T cells as assayed by flow cytometry using tetramer staining [23] . These kind of anecdotal reports are obviously far removed from the pathophysiological situation-e.g. the CD8 T cells were not found to associate with islets on a histological level-but nevertheless highlight the chronic, β-cell-specific nature of the disease and strongly indicate that immunotherapy will most likely be part of any future therapeutic strategy.
The fate of β-cells
At the time of diagnosis, 60-90% of the β-cells are already destroyed or dysfunctional. At present, there are no adequate non-invasive technologies available to assess how pancreatic β-cell mass fluctuates during the course of diabetes development, and hence what we know is based largely on indirect evidence [24] . The discussion on how β-cell mass may be monitored falls beyond the scope of this article, instead we will focus on histological evidence of β-cell survival pathways, their molecular phenotype when 'under attack' and evidence for apoptosis.
Molecular phenotype
Assuming that CD8 T cell mediated autoimmunity occurs in all T1D patients, at least at some point during disease development, it is crucial to know what specifically attracts these cells to the islets and why β-cells are selectively targeted. In their 1987 article, the Foulis group first documented the dramatic hyperexpression of MHC Class I molecules on cells of insulin-positive islets [25] . Although Bottazzo et al. previously suggested this potentially pivotal alteration in their case report, the Foulis study established that this was in fact a common property of diabetic islets around the time of disease onset. This has been consistently confirmed in later publications by other groups [10, 14, 26] . Curiously, MHC Class I hyperexpression was not confined to β-cells, as it was present on all endocrine cells in insulin-containing islets. This was in contrast with the observed pattern of MHC Class II hyperexpression, which was found exclusively on β-cells [25, 27] . A potential explanation for this differential expression was given by the subsequent finding that the inflammatory cytokine interferon-α is produced by MHC Class I overexpressing cells, suggesting a paracrine effect on adjacent A and D cells [28] [29] [30] . In combination, these findings led researchers to adopt a serial model for the pathology of T1D, including a sequence of events rather than a singlestep mechanism (Figure 1 ).
This early hypothesis still serves as a framework for mechanistic studies to some extent, as it provides a rationale for the involvement of viruses in the etiology of the disease (see section "Viral footprints" below). Nevertheless, caution is necessary to avoid over-interpretation of this postulated scheme. The concept that temporally distinct phases of interferon-α and MHC Class I upregulation followed by insulitis lead to β-cell destruction originated from the studies by Foulis et al. looking at the molecular phenotype of individual islets. In support of this sequential model, some islets were found to express MHC Class I in the absence of insulitis, whereas MHC Class II hyperexpression was always accompanied by MHC Class I expression. However, it is easy to conceive that the upregulation of MHC molecules could be a mere consequence of (transient) insulitis rather than vice versa, at least in a fraction of the islet population, so more concrete evidence is required to back up this hypothesis. Moreover, with regard to MHC Class II hyperexpression, β-cells were found to be devoid of the costimulatory molecules CD80 and CD86, which are required for efficient antigen presentation, virtually excluding their role in direct activation of CD4 T cells [31] . Due to the aforementioned difficulties associated with obtaining new samples, the sequential model has never been thoroughly challenged and thus should be regarded as a valuable indication rather than as universal evidence of this cascade of events.
Apoptosis
Whatever the underlying cause, apoptosis signifies the end for β-cells in T1D. Isolated human islets seem to be particularly prone to this pathway. Thus, one would expect high levels of β-cell apoptosis under conditions of insulitis, especially in most of the available histological specimens isolated from deceased patients suffering marked hyperglycemia and diabetic ketoacidosis [32] [33] [34] . The Osaka group found no evidence of β-cell apoptosis in a set of 13 biopsies from recent-onset patients [35] . Subsequent studies did find detectable levels of β-cell apoptosis, which were estimated at around 6% of all β-cells by Meier et al., approximately double those found in control patients [36, 37] . The latter study deserves merit for its inclusion of cleaved caspase-3 staining for apoptosis detection in addition to TUNEL, which may aberrantly pick up post-mortem artefacts and lead to overestimation. The most recent paper from the same laboratory, however, showed lower levels of β-cell apoptosis, averaging 0.2 TUNEL-positive β-cells per islet as compared to virtually none in healthy controls [22] . Given the significantly increased blood glucose values and acidosis in this cohort, these results emphasize that β-cells may be more robust cells than generally thought, and probably represent yet another indication as to why T1D may take several years to become clinically apparent. In view of the data on β-cell proliferation rates (see subsection "β-cell survival" below), the results from the last study may seem more plausible, as higher rates of apoptosis would not correlate with the disease's slow acting course, at least not in the absence of substantial β-cell replenishment. A limited number of articles detailed the path to apoptosis, chiefly highlighting the pivotal role of Fas-Fas ligand (CD95-CD95L) interactions. In support of this simple death mechanism, β-cells were shown to express Fas, most likely in response to cytokines produced by infiltrating immune cells. This would render them susceptible to apoptosis by way of interacting with Fas ligand (Fas-L) expressing lymphocytes [35, 36] . The expression of Fas-L on peri-islet lymphocytes is in notable contrast with its downmodulation on peripheral blood lymphocytes, where lower levels may account for decreased apoptosis of autoaggressive T cells [38, 39] . One explanation for this difference may be that highly activated diabetogenic T cells locally acquire Fas-L expression upon antigen recognition or, as described by DeFranco et al., peripheral downregulation may only occur in a subset of patients [38] .
The relative contribution of the Fas pathway to the total ratio of β-cell apoptosis in humans is unknown, but most data in the NOD mouse indicate it serves a pivotal role [40] [41] [42] . However, as evidenced by the discovery of TNF-related apoptosisinducing ligand (TRAIL) CD253 on β-cells, it is very possible that other apoptotic pathways act in concert during β-cell decay, likely at variable extents in different patients [43] .
In conclusion, the limited frequency of ongoing apoptosis as revealed in recent-onset patients correlates with the slow progression of β-cell degeneration. Variability between patients may be ascribed to the chronic nature of the disease and its relapsing-remitting course (see section "Emerging diversity and the relapsing-remitting hypothesis" below). The relative contribution of e.g. direct cytokine killing or cytotoxic T lymphocyte (CTL) lysis as initiating events in the apoptosis cascade are difficult to address in humans and will likely need to be studied in the NOD model.
β-cell survival
Just like every other tissue type, pancreatic islets are capable of regeneration after insult. A considerable body of knowledge exists on the powerful regenerative capacity of β-cells in the NOD mouse, mostly favoring β-cell proliferation as the driving force [44] . Considering the low rate of apoptosis as discussed above, the degree of β-cell renewal can be projected to be limited. Indeed, the available data demonstrate varying levels of β-cell proliferation (none [22, 37] , limited [21] and occasionally extensive [45] ) at various stages of disease, all using the Ki-67 proliferative marker as a readout measure.
What could be the reasons for this discrepancy between rodents and humans, and what can we infer in relation to our hopes to therapeutically replenish the β-cell pool? First, although β-cell proliferation may be the default mechanism of β-cell expansion under normal conditions [46] , other mechanisms, such as progenitor differentiation, may be at work that have currently escaped our attention [47] . Second, the abundant influx of inflammatory cells was shown to be a potent driver of β-cell replication in the NOD, and anecdotal evidence exists in humans [48, 49] . Considering the usually limited degree of insulitis in humans, an important stimulus for proliferation may be largely lacking. Further to this consideration, successful immunosuppressive therapy would be accompanied by a deteriorated proliferative β-cell response, as has been reported in the NOD mouse [50] . This suggests the application of combinatorial strategies targeting both the immune system and stimulating β-cell expansion [51] . Third, the inherent capacity of murine β-cells to enter the cell cycle is likely to surpass their human counterparts, as only mouse β-cells are able to recover from serious mechanical insult [52] . Fourth, the modest proliferation rates in humans may actually represent a reason why the disease acts so slowly, as the constant provision of newly formed β-cells would conceivably trigger enhanced release of antigens leading to epitope spreading [53] . Indeed, it has been suggested that this population of newly formed β-cells is most vulnerable to rapid destruction [54] . Finally, one of the major reasons why the NOD mouse displays such an exceptional plasticity in terms of β-cell recovery is the presence of a vast amount of non-functional, insulin-depleted β-cells at the onset of hyperglycemia [49] . Future studies should address whether this population exists in humans using non-functional β-cell markers such as glucose transporter 2 (GLUT-2).
Altogether, we believe our current understanding of how β-cells can rebound from inflammatory damage provides reason for cautious optimism. It is now established that the majority of patients maintains at least a fraction of their β-cell popula-tion, pointing towards the existence of powerful β-cell survival pathways [37] . However, animal models may overestimate the magnitude of such mechanisms warranting the design of combinatorial strategies tackling autoimmunity while giving β-cells a gentle push in the right direction.
Viral footprints
In their landmark paper from 1987, Foulis and colleagues formulated the working hypothesis of viral infection as an underlying factor in T1D development [28] . Albeit indirectly, the outcome of their research offered for the first time a mechanistic clue to a viral etiology hypothesis that had been so far supported by epidemiological data, including analysis of anti-viral antibodies in patient sera [55] . A plethora of publications have since elaborated on various aspects of the virus-β cell relationship, most of which were conducted in animal models. We will confine our review to the most direct evidence obtained in humans by way of histological analysis, as only this type of experimental approach specifically unveils events at the β-cell level.
Most studies at present were aimed at the detection of enteroviruses, a viral genus prominently found to induce diabetes in mice upon culturing from the pancreas of a recent-onset diabetic child [56] . The first data from the Foulis cohort used an antiserum raised against a coxsackie virus capsid protein, viral protein 1 (VP1), to examine the pancreas of 88 patients who had died at clinical presentation [57] . However, no evidence of VP1 presence was found. Another attempt employed in situ hybridization to detect enteroviral RNA in the same collection but again no sign of infection was found [58] . This negative outcome was arguably due to the compromised quality of RNA isolated from these formalin-fixed, paraffin-embedded autopsy specimens.
Reflecting on these early methodologies many years later, doubt was cast over the sensitivity of the immunohistochemical technique, leading Richardson et al. to revisit the issue in a recent publication, using the same Foulis sample collection [59] . They found islet VP1 immunopositivity in ~61% of 72 recent-onset type 1 patients with almost no equivalent staining in the pancreases of neonatal and pediatric non-diabetic controls. Furthermore, the detection was confined to β-cells and confirmed by staining with two additional antisera and an antibody against RNA-dependent protein kinase (PKR), a protein that is upregulated in response to enteroviral infection. The finding that 40% of adult type 2 diabetes cases displayed focal staining for VP1 in their islets was unanticipated, but may be interpreted in support of the view that type 1 and type 2 diabetes are poles of a single spectrum and that viral infection is merely the straw that breaks the camel's back around the time of clinical presentation (see section 5). Another group assayed pancreases from 65 Type 1 diabetic patients, partly from the Foulis collection, for the presence of enteroviral RNA by in situ hybridization and found enterovirus-positive islet cells in 4 patients, but not in control pancreases [60] . Putative enterovirus receptor molecules were expressed in β-cells, although it was unclear whether the detected virus was in islets containing functional β-cells.
A somewhat controversial study by Dotta and coworkers complemented this series of direct experimental approaches in pancreas tissue from 6 recent-onset patients [61] . VP1 staining was found in β-cells from 3 out of 6 patients, and virus extracted from one of these cases was sequenced and determined to be a Coxsackie B4 virus (CVB4). The CVB4 presence was found to affect glucosestimulated insulin secretion upon infection of isolated human islets. However, an array of arguments may limit the significance of the findings. First and foremost, the 3 patients in which VP1 staining was observed displayed no signs of β-cell loss-only functional impairment to a variable degree-and had an unusual, predominantly NK (natural killer) cell-mediated islet infiltration without T cell reactivity to common islet antigens. The 3 pancreases devoid of VP1, in contrast, did manifest the more traditional T cell-dominated insulitis pattern accompanied by β-cell decline. Secondly, one of these 3 pancreases was a transplanted organ from a patient under an immunosuppressive regimen. This raised concerns over the relevance of viral infection to T1D etiology. Finally, some virologists have opposed the hypothesis that the isolated Coxsackie strain represented a laboratory contamination and not the isolation of a 'modern' CVB4 strain [62] .
A recent case report looked at pancreatic tissue from an ICA autoantibody-positive, non-diabetic child. Whereas the β-cells were intact and free of insulitis, enterovirus was detected by immunohistochemistry selectively in the islets but not by in situ hybridization [63] . This anecdotal finding may have caught the disease process in its very early stages, with the virus already in place but still in the absence of an immune response.
New data indicate that the pancreas may not be the only site of infection. Oikarinen et al. analyzed 12 Finnish type 1 diabetic patients for the presence of enterovirus in small intestinal biopsies using in situ hybridization and immunohistochemistry. Enterovirus was detected in half of the type 1 diabetic patients but in none of the control subjects. The authors put forward the assumption that the gut, which retained normal features in all study subjects, could provide a viral reservoir that stands in close anatomical connection to the pancreas. Alternatively, it is argued that the gut could also be a site of immune stimulation for lymphocytes, which could subsequently home to the pancreas.
Despite the ambiguities related to sensitivity and specificity, immunohistochemical detection or in situ hybridization on co-stained pancreas sections are arguably the most straightforward methods to unveil the presence of viral antigens at a cellular level in human samples. Detecting viral sequences in whole pancreas lysate, e.g. by PCR, mystifies the relation to the target cell in T1D, because it may point to exocrine infections unrelated to T1D. Provided that autoimmune conditions are preexistent in individuals genetically at-risk of developing T1D, pancreatic non-β-cell-specific infections could merely act as the final culminating step pushing the remaining β-cells over the brink [64] . As such, the frequent detection of virus pattern in recently diagnosed patients may be regarded as a testament to this final insult, rather than a lingering chronic infection as suggested by Foulis et al. More elaborate studies in healthy prediabetic individuals are required to settle this debate. Whatever the case may be, it is unlikely that a certain viral strain will turn out to be the sole environmental trigger that leads to linear β-cell loss, as in all studies a significant fraction of cases was found to be free of viral markers. As a final consideration, eliminating viral infections completely may not be advisable, as our group recently provided functional evidence for a protective influence of viral infections in the context of T1D [65] .
The NOD mouse: use with caution
We have already mentioned the NOD model's profound deviation from human T1D pathogenesis in the previous sections, and many investigators are now well aware of these discrepancies. Hence we will limit our discussion to the major histopathological differences that make the NOD mouse unique.
NOD mice are rodents, a fact that differentiates them from humans with regard to their basic islet architecture [66] [67] [68] [69] [70] . In humans, α, β, δ, and PP cells show random distribution throughout the islet and in many islets, β-cells represent the outermost layer of cells. In contrast, in murine islets, β-cells form the core, and α, δ, and pancreatic polypeptide producing (PP) cells form the outer layer. In human islets, the cellular constitution, i.e. the ratios of the various endocrine cell types, varies considerably, while in rodent islets frequencies remain reasonably constant. Both species have their islets surrounded by a continuous basal membrane with very little direct exocrine to endocrine cell-cell contact, which in the NOD was suggested to act as a protective barrier against destructive insulitis [71, 72] .
As female NOD mice age, pathogenesis is heralded by non-destructive peri-insulitis, firstly consisting of dendritic cells and macrophages, followed by T cells and B cells [73] . After this initial phase, the disease progresses towards a complete T cell-mediated β-cell destruction by 4-6 months of age. In this stepwise sequence of events CD8 T cells are thought to be essential to initiate islet infiltration and are one of the earliest cell types to be seen in the islets [74, 75] . By the end of the peri-insulitic phase, overwhelming numbers of T cells can be seen engulfing the islets, to such an extent that they appear to organize in tertiary lymphoid structures [76] [77] [78] . These were shown to exhibit features common to lymph nodes such as distinct T and B cell zones, and expression of key chemokines and adhesion molecules. Overall, it is clear that the pathology in NOD animals, although often designated as 'chronic' in nature, is in fact a rather acute and aggressive autoimmune disease as compared to the subtle, CD8 dominated insulitis distinguished in humans.
Viral infection as an underlying mechanism in the NOD mouse can of course be excluded, as the disease usually manifests spontaneously. However, a substantial body of knowledge shows that certain pancreotropic virus strains can significantly influence disease outcome. Work by Steven Tracy's group has elucidated many aspects of the complex interplay between coxsackie viruses and islets at various stages of disease progression in the NOD [79, 80] . In brief, infection of young NOD mice confers protection, which contrasts with the outcome in older, pre-diabetic mice where it accelerates disease. We believe these data offer a possible rationale explaining why such a high incidence of viral infection can be seen in recent-onset individuals, as viral infection at this point tips the balance towards clinically overt diabetes. This would also explain the long acknowledged seasonal onset of T1D and the high frequency of antiviral antibodies in recent-onset patients, as these individuals can be postulated to have recently encountered a virus that triggered disease, rather than them being infected for years with a chronic pancreatropic virus. On the other hand, early infections might constitute an essential requirement for protection later in life, as corroborated by our recent results [65] .
Comparing these considerations with what we know about human disease, it is obvious that we must ensure proper interpretation of pre-clinical data in the NOD model. When we take successful reversal of disease upon immunotherapy of recentonset NOD mice as an example, we must consider that patients may not have an abundant reserve of insulin-deficient yet viable β-cells left to recover, or probably do not have equivalent flexibility pertaining to β-cell proliferation. Promising factors in this respect include the common phenomenon of the 'honeymoon phase' following diagnosis, possible offering a suitable window for such interventions.
Emerging diversity and the relapsing-remitting hypothesis
How should we reconcile this data and, more importantly, do they collectively support or favor one of the existing mechanistic models? We have recently proposed a hypothetical model for T1D that pictures the disease as being driven by the interplay between epitope spreading, β-cell proliferation and Treg control of auto-reactive T cell responses [53] . Figure 2 displays this model while adding the histopathological features outlined in this article to the timeline. We believe that this kind of relapsing-remitting, gradual course may account for at least some of the variability that can be seen in the cross-sectional studies we have discussed. It also explains why insulitis generally appears to be minimal, especially in the prediabetic stage. A complementary cause for the observed inter-patient variability could be the consideration that type 1 and type 2 diabetes are opposite ends of a continuous spectrum, and that the clinical manifestation depends on the velocity of loss and the factors that influence it [81] . Applied to our model, this would introduce a variable timeline between initiation of β-cell decay and onset, and rationalize the usually more aggressive course in children versus adult onset cases [82, 83] .
Conclusions
In summary we can conclude that information on the human histopathology at various stages of T1D is currently rather limited. Whereas a multitude of functional data on the immunology and possible treatment of the disease have been derived from the NOD model, it is clear that the human disease presents itself in a much more subtle and variable manner. Correlating the available reports with our hypothetical model of T1D as a relapsing-remitting disease, we believe much of the variability seen in cross-sectional studies can be explained by the stepwise, gradual progression of autoimmunity. Collaborative projects such as nPOD should be able to challenge and expand our understanding of the histopathology by generating a new influx of patient material. In the end we believe that an enhanced insight into local events in the islets may not only be of fundamentally scientific importance, but will prove pivotal in efficient translation of future therapies beyond the NOD mouse model.
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